Abstract: An MoS 2 -based Q-switched erbium-doped fiber laser with a low threshold and a wide range of repetition rate was successfully demonstrated. Bulk MoS 2 flakes were formed by reducing the volume of MoS 2 -in-ethanol solution through evaporation at elevated temperature. The MoS 2 flake was transferred mechanically onto a fiber ferrule to form a fiber saturable absorber. The threshold for self-start Q-switching was as low as 8.0 mW. The laser was capable of producing average output power, repetition rate, and pulse energy as high as 10.7 mW, 71.5 kHz, and 160 nJ, respectively. The repetition rate has a wide range of frequencies over 60 kHz. The shortest pulse duration obtained was 2.79 s.
Introduction
Q-switched fiber lasers have many applications, such as material processing, range finding, remote sensing, holography range finding, remote sensing, holography, nonlinear frequency conversion, nonlinear optics studies, and many others [1] . Laser Q-switching can be achieved either actively or passively. Active Q-switching is normally achieved by external modulation. Typical components for active Q-switching are rotating mirrors, electro-optic and acousto-optic modulators. Comparatively, passive Q-switching is generally more convenient, more cost effective, compact, and requires minimum number of optical elements inside the laser and no external driving circulatory. For passive Q-switching, a form of saturable absorbing medium is used inside the laser cavity. Semiconductor saturable absorbers (SESAMs) are one of the most utilized saturable absorbing device due to its superior performances [1] , [2] . However, the drawbacks for SESAM are that it is i) expensive to package, ii) can be optimized only for a specific wavelength range, and iii) is a complex material fabrication process [3] . Q-switched fiber lasers using doped fibers as saturable absorber (SA) have been demonstrated in [4] - [12] . These fiber-based SAs provide a low threshold, as well as small foot print for the fiber laser. The wavelength response is dependent on the absorption bandwidth of the doped fiber, which is a characteristic of the dopant element used. For example, the absorption spectrum of thulium-doped silicate fiber spans from 1.5-1.9 m, with absorption peak at 1.7 m. On the other hand, graphene has emerged as an ideal SA due to its ultrashort recovery time and broadband response. Many works using graphene or graphene-based materials as SA in Q-switched and mode-locked fiber lasers have been reported [13] - [22] . However, the zero bandgap and weak absorption coefficient of graphene limit its light modulation ability [23] .
Recently, molybdenum disulphide (MoS 2 ), a dichalcogenide metal, has been shown to exhibit saturable absorption properties as well. MoS 2 has a layered structure of hexagons that consist of covalently bonded molybdenum and sulfur atoms. A plane of molybdenum atoms is 'sandwiched' covalently between two planes of sulphur atoms in a trigonal prismatic arrangement. MoS 2 has a direct bandgap as a monolayer and an indirect bandgap in bulk form. This energy tunability enables a wide range of operation for applications in electronics and photonics. The reported non-linear optical absorption of MoS 2 showed that the saturable absorption in MoS 2 is much larger than that of graphene [24] , [25] . Q-switched fiber laser using MoS 2 SA have been reported in [26] - [30] . Huang et al. has demonstrated a MoS 2 -based Q-switched erbium-doped fiber laser having a wide tuning range comparable to that of graphene-based SAs [27] . Ultra-wideband saturable absorption of MoS 2 has also been reported by Luo et al. who demonstrated Q-switched fiber laser operation in the 1-, 1.5-and 2-m wavelength region using MoS 2 SA [29] . The direct bandgap of ∼1.9 eV of MoS 2 indicates the potential of using MoS 2 as SA in the visible wavelengths [24] .
Many other works have demonstrated Q-switched and mode-locked fiber lasers using MoS 2 as a saturable absorbing medium. Woodward et al. have reported using MoS 2 polymer composite sandwiched between two fiber ferrules as SA [30] . Khazaeinezhad et al. [28] used optical deposition technique instead to adhere MoS 2 layers onto the fiber ferrule. This method requires relatively high laser power-which may cause optical damage to the fiber ferrule end facet. Li et al. used MoS 2 prepared by chemical vapor deposition (CVD) which requires pressure and temperature control [26] . In all cases, the preparation of the MoS 2 material and fabrication of the SA device are complex, and the threshold power for Q-switching are relatively high, probably due to high insertion loss of the SA itself.
In this work, a MoS 2 -based Q-switched erbium-doped fiber laser with a low threshold and repetition rate over a wide range of frequencies was successfully demonstrated. The fiber laser was capable of self-starting Q-switching at a pump power as low as 8.0 mW. The repetition rate ranges from ∼12 kHz to ∼72 kHz. The longest pulse duration achieved is 23.1 s and can be reduced to as narrow as 2.79 s with the increase of pump power.
Sample Preparation
Pristine MoS 2 nano flakes dispersed in ethanol solution (Graphene Supermarket) was used as precursor for the formation of MoS 2 bulk flakes. The initial solution concentration is 0.018 mg/mL. 10 mL of the solution was transferred into a glass vail and heated on a hot plate at 70°C for 4 hours. After the process, the solution volume was reduced to less than 1 mL, together with the formation of dark colored "precipitations." The increase in solution concentration as a result of reducing solvent volume through evaporation induced the formation of MoS 2 bulk flakes observed in the form of "precipitations" via evaporitic formation process. The size of each film ranges from 0.4-1.0 mm.
Characterization of MoS 2 Flake
Raman spectrum of the as-produced MoS 2 flake is shown in Fig. 1 . E 2g (∼380 cm −1 ), and A 1g (∼405 cm −1 ) modes were observed. The E 2g mode is related to the in-plane vibration of molybdenum and sulphur atoms. This mode is also the shear mode, which is attributed to the relative motion between the adjacent monolayers. The A 1g mode is due to the out-of-plane vibration of molybdenum and sulphur atoms. The separation between the two modes was about 25 cm −1 , which indicate that the MoS 2 flakes produced via evaporitic formation is in bulk form (> 6 layers) [31] . It should be noted that the MoS 2 flakes formed using this method is mechanically weak and require gentle handling during the transfer process. However, the use of this flake as SA is practical as the optical fiber core diameter is much smaller that the flake lateral dimensions and there is no physical movement required after the flake is "fixed" between two fiber ferrules-the SA takes the form of two fiber patch-cords connected using a fiber adapter, where the MoS 2 flake is sandwiched in between.
The MoS 2 flakes were transferred directly onto the fiber ferrule by using a tweezer. The fiber ferrule was positioned vertically with the ferrule end facing up for ∼30 minutes, allowing the residue solvent on the ferrule to dry up. After that, adhesion of the MoS 2 flakes onto the fiber ferrule was considerably strong. The fiber ferrule was then connected to another fiber ferrule via a fiber adapter, in a way such that the MoS 2 film was 'sandwiched' in between the ferrules. The whole assembly is now a passive fiber-compatible SA device.
The non-linear optical absorption properties of the SA were measured using a 1480 nm continuous wave laser diode. Transmission of the SA at different incident power levels was recorded. The result is shown in Fig. 2 . The plots were fitted using a simple SA model
where T ðIÞ is the transmission coefficient, ÁT is the maximum change in transmission, I is the input pump intensity, I sat is the saturation intensity, and T ns is the transmission when the SA is saturated at high intensity. Our results show that the modulation depth and saturation intensity were 4% and 29.3 kWcm −2 , respectively. The device was then integrated into a ring fiber laser, as shown in Fig. 3 . The gain medium used is a 3 m erbium-doped fiber (EDF), with a nominal peak absorption of 12 dB/m at 980 nm and 16.5 dB/m at 1531 nm. The mode field diameter and cladding diameter of the EDF are 6.2 m and 125 m, respectively. It was pumped by a 980 nm diode laser via a wavelength division multiplexer (WDM). An optical isolator ensures uni-directional light propagation in the laser cavity. The 20% port of an optical coupler (OC) provides the laser output, while the remaining 80% of light was feedback into the laser cavity. A polarization controller (PC) was used to improve the output pulse stability by maintaining the polarization state of light circulating in the laser cavity. The Q-switch performance of the laser was evaluated using a fast photo-detector connected to an oscilloscope. The average power was measured using an optical power meter and an optical spectrum analyzer was used to measure the output spectrum. Fig. 4 shows the average power and pulse energy of the laser output as a function of pump power. The threshold pump power for laser to occur is 5.0 mW (without MoS 2 ) and 8.0 mW (with MoS 2 ). This is expected because a higher pump power is necessary for the laser to begin, due to the insertion loss caused by MoS 2 , which was measured to be about 1.5 dB. When the laser IEEE Photonics Journal Fiber Laser Using MoS 2 Saturable Absorber was operated without the MoS 2 SA, continuous wave output was obtained, and no Q-switching was observed for the entire range of pump power applied. Q-switching of the laser was observed as soon as the pump power reached the threshold value of 8.0 mW. The maximum output power achieved was ∼10.7 mW, corresponding to a slope efficiency of 12.4%. The ratio of the output power levels between pulsed and continuous wave operation has a value of 0.70-which is significant because it indicates that the SA used here has a low insertion loss and hence a large potential for a better Q-switching performance. Higher output power could be achieved by 1) increasing the pump power, 2) using high gain fiber for larger energy storage, and 3) optimizing the coupling output ratio. In this work, the maximum pump power was 95 mW. The laser wavelength was measured using an optical spectrum analyzer to be 1560 nm.
Results and Discussion
The maximum single pulse energy achieved was ∼160 nJ at a pump power of 68.0 mW. Further increasing the pump power caused the pulse energy to decrease gradually. In the case here, the decrease may be due to over-saturation of the MoS 2 flakes at high cavity intensity. Q-switch performance of the fiber laser was repeatable, even after multiple times where the pump power was increased above the level that caused pulse energy saturation, indicating no optical damage to the MoS 2 flakes. The observation agrees well with other reports using MoS 2 composite as SA and confirms that the over-saturation originated from the MoS 2 flakes itself instead of the composite materials used [27] , [29] . Fig. 5 shows the pulse repetition rate and pulse duration of the Q-switched laser as a function of pump power. The pulse repetition rate increases monotonically with the increase of the pump power. This is a typical feature of Q-switched lasers-more gain is available to saturate the MoS 2 flake as pump power increases. At the maximum pump power of 91.0 mW, the repetition rate reached 71.5 kHz. The repetition rate ranges over 60 kHz, from ∼12 kHz to ∼72 kHz. Our results show that, at every repetition rate and pump power, the Q-switching pulses are stable with no significant timing jitter observed.
The pulse duration reduces from 23.0 s to 2.8 s at the augment of pump power. At lower pump powers (< 20.0 mW), the pulse duration reduces significantly from 23.1 s to 5.0 s. At higher pump powers (> 20.0 mW), the pulse duration almost leveled off. The shortest pulse duration, being 2.79 s, was obtained at the pump power of 68.0 mW (see Fig. 6 ). The maximum peak power is calculated to be 57 mW, and the corresponding average output power is 7.6 mW. The pulse duration can be narrowed further by shortening the length of the resonator [32] . Anyhow, this would compromise the optical output [33] . Another way to further narrow down the pulse duration is by improving the modulation depth of the MoS 2 , for example, use thicker layers of MoS 2 .
Conclusion
In summary, we experimentally demonstrated a passively Q-switched ring EDFL using bulk MoS 2 flake as saturable absorber. The MoS 2 flakes were obtained from a commercially available MoS 2 -in-ethanol solution through evaporitic formation. A fiber-compatible SA device was formed by 'sandwiching' the MoS 2 flake between two fiber ferrules. Stable Q-switched laser pulses at operating wavelength of 1560 nm were obtained. The laser has a low pump threshold of 8.0 mW, with the repetition rate able to be varied over a wide range of frequencies, from ∼12 kHz to ∼72 kHz, by increasing the pump power. The shortest pulse duration obtained was 2.79 s. The maximum pulse energy obtained with the current setup was as high as 160 nJ.
